Abstract. The effects on hydrological processes of the application of the landscape level measures included in the sustainable forestry initiative (SFI) program were analyzed through simulation. A landscape scenario where limitation of harvesting units' size, imposition of a green-up interval, and establishment of streamside management zones (SMZ) were simulated was compared with a reference scenario where no SFI rules were followed. An intensively managed forested landscape located in East Texas, USA, was used as the study area. The HARVEST landscape model was used to simulate landscape pattern and a modified version of the APEX model was used to simulate hydrological processes. Water and sediment yields were generally small within the observation period and most of the runoff and erosion observed occurred during intense storm events. Water and sediment yield at the subarea level and water yield at the watershed level were similar in both scenarios. However, sediment yield at the watershed level was higher in the non-SFI scenario. The differences were due to the reduction in channel erosion resulting from the presence of SMZs. The effect of buffer zones in terms of sediment deposition was not different between scenarios, which can be attributed to the level slopes of the study area. Landscape measures of the SFI program, namely buffer zones, seem important in reducing channel degradation, particularly during major storm events, in intensively managed forest landscapes in East Texas.
Introduction
Forest activities affect soil loss and water quality and supply by interfering with physical, chemical, and biological processes at the site and watershed scales. In the southern region of the US, harvesting and site preparation methods used in intensive silviculture of pine species can increase stormflow and sediment loss (Beasley et al., 1986; Marion and Ursic, 1993) . The removal of forest biomass by harvesting reduces interception and transpiration by forest canopies, increasing potential runoff (Chang et al., 1982; Ursic, 1991a) . Harvesting alone does not increase sediment concentration (Ursic, 1986; McClurkin et al., 1987) , but compaction and soil exposure during extraction can affect runoff and sediment yield through changes in soil structure.
Sediment yield is usually related to the proportion of exposed mineral soil (Ursic, 1986; Blackburn et al., 1986) , which increases potential degradation and transport, by erosion agents. For this reason, site preparation has in many cases a strong effect on water yield and sediment loss, though its effects are variable according to the techniques used (Beasley and Granillo, 1983; Ursic, 1986; Blackburn et al., 1990) .
All the effects mentioned usually have a short-term effect (Beasley and Granillo, 1988; Marion and Ursic, 1993) . The major and more permanent source of erosion in forests is forest roads, which can account for up to 90% of all the sediment produced in forestlands (Grace, 2002) .
Environmental concerns have led to the implementation of measures to minimize impacts of forestry activities on water. After the enactment of the Federal Water Pollution Control Act Amendments of 1972 Amendments of , 1977 Amendments of and 1987 , States of the US developed enforceable or voluntary best management practices (BMP) programs to be applied in forestry (Ice et al., 1997) . More recently, forestry sustainability programs assumed water and soil conservation as essential criteria of sustainable forestry (e.g. Montréal Process Working Group, 1999; Ministerial Conference on the Protection of Forests in Europe, 2003) .
Since 1994, the forest products industry in the US has largely followed the sustainable forestry initiative (SFI), the sustainability program of the American Forest and Paper Association (AF&PA, 2003) . The SFI program includes measures relevant at the landscape level, such as limitations on size of harvest units, establishment of wildlife corridors, establishment of streamside management zones (SMZs), and application of adjacency rules. In East Texas, landscape pattern in intensively managed forests is being changed by the implementation of the SFI program (Azevedo et al., 2003) . These changes can be summarized as an increase in buffer zones that follow a stream configuration and as an increase in the fragmentation of upland pine stands resulting from the intrusion of SMZs and from the constraints imposed by the green-up interval and limits on harvest unit size (see Azevedo et al. (2003) for details).
The aim of this work is to analyze the effects of the SFI program on the hydrology of forested watersheds. The specific objective is to analyze the effects of changes in landscape pattern as influenced by the SFI program on water and sediment yield in an intensively managed forested watershed in East Texas. It is hypothesized that changes in landscape structure have implications in terms of hydrological processes in the watershed. SMZs have been shown to affect water and sediment transport and yield after harvesting and site preparation (Wynn et al., 2000) . Fragmentation creates heterogeneity in the landscape decreasing the percentage of watershed or catchment area harvested annually, thus potentially reducing extreme water and sediment yields.
Methodology

STUDY AREA
This study was conducted in a portion of the Shawanee Creek watershed (Neches River) located in Angelina County, Texas, USA (Figure 1 ). This area has been studied in terms of landscape pattern change resulting from the application of the SFI program and resulting consequences in terms of vertebrates' habitat suitability (Azevedo et al., 2003) . From this larger area, an 1190 ha watershed was chosen for the analysis of hydrological processes.
The study area lays in the Yegua Formation of coastal plain sediments of late Eocene origin. This formation is made up of sandstones and mudstones with inclusions of lignite and glauconitic marl. The gradient is less than 0.20 m per km to the southeast. Soils are mainly Alfisols of the Diboll and Alazan series and Ultisols of the Rosenwall series (Table I) . Slopes are usually gentle, 2% on average with a maximum of 7%. The drainage system is mature with widely meandering streams. The network of current and ancient stream channels is complex due to the influence of changing sea level during the Pleistocene. Actual cover is almost exclusively comprises loblolly pine (Pinus taeda L.) plantations with few hardwood and pine-hardwood mixed stands.
THE APEX MODEL
The Agriculture Policy/Environment eXtender (APEX) model (Williams et al., 2000) , version 1310, was used in this work to model and simulate the hydrology of forested watersheds and to analyze the effects of landscape pattern on hydrological processes, namely runoff and erosion. APEX is a mechanistic model that combines the Environmental Policy Integrated Climate (EPIC) model (Williams, 1995) with routing capabilities allowing the analysis of processes occurring simultaneously at the field and watershed levels. The main purpose of APEX is to estimate long-term sediment, nutrient, and pesticide yields from whole farms and small watersheds (Williams et al., 2000) .
EPIC was initially developed to determine the relationship between soil erosion and productivity (Williams et al., 1984) . Its growing capabilities made it a powerful tool in the analysis of the effects of management strategies on production and soil and water resources at the field scale (Williams, 1995) . The model currently includes a series of components to simulate soil, plant, weather, and management processes at the field scale (Williams, 1990) . It has been used widely in diverse applications in the US and other countries (Williams, 1995; Williams et al., 1998) .
EPIC assumes the land unit to be spatially homogeneous (Williams et al., 1984) . APEX extends the scale of the model from the field to the whole farm or small watershed scale by allowing heterogeneity of fields and their spatial arrangement to be taken into account and by integrating routing components for water, sediment, nutrients, and pesticides (Williams et al., 2000) . These routing components are able to simulate landscape processes such as sediment transport, deposition, channel degradation, and lateral subsurface flow (Williams et al., 1998) .
Although APEX was developed to compare management alternatives in agriculture, it has recently been modified to describe hydrological processes in forested areas (Saleh et al., 2002) . Modifications were made in the canopy interception, litter, subsurface flow, and nutrient movement and enrichment ratio components (Saleh et al., 2002) . Additionally, APEX is able to account for the effects of buffer strips on water and sediment (Saleh et al., 2002) , which is of great relevance in forestry since buffers along streams are one of the major measures in sustainability programs. A detailed description of the model components dealing with forest conditions is presented in Saleh et al. (2002) .
Surface runoff was obtained for daily rainfall from the soil conservation service (currently Natural Resources Conservation Service) curve number equation (U.S. Department of Agriculture, Soil Conservation Service, 1972):
where Q is the daily runoff, R is the daily rainfall, and s is a retention parameter. This parameter changes with fluctuations in soil water content according to the equation
where s 1 is the value of s associated with CN 1 , the curve number for moisture condition 1 (dry), FFC is the fraction of field capacity, and w 1 and w 2 are shape parameters. Peak runoff rate was estimated from the rational equation method:
where q p is the peak runoff rate in m 3 s −1 , bQ is a runoff coefficient expressing the watershed infiltration characteristics, r is the rainfall intensity in mm h −1 for the watershed's time of concentration, and WSA is the watershed area in hectare.
Percolation was computed as
where O is the percolation rate for layer l in mm d −1 , ST and FC are soil water content and field capacity, respectively, in mm and TT is travel time through layer l in h.
Potential evapotranspiration was predicted from the Hargreaves method (Hargreaves and Samani, 1985) by modifying the temperature difference exponent from 0.5 to 0.6, replacing the extraterrestrial radiation by RAMX (maximum possible solar radiation at the earth's surface) and adjusting the coefficient from 0.0023 to 0.0032 for proper conversion
where Eo is the potential evaporation in mm, T , T max , and T min are the daily mean, maximum, and minimum air temperature, respectively, in • C, and HV is the latent heat of vaporization in MJ kg −1 . Rainfall/runoff erosion was simulated with MUSLE (Williams, 1975) , a model that uses only runoff variables to simulate erosion and sediment yield which increase the prediction accuracy, eliminate the need for the delivery ratio used in the USLE equation, and enable the equation to give single storm estimates of sediment yields. The equation is
where Y is the sediment yield in t ha −1 , K is the soil erodibility factor, CE is the crop management factor, PE is the erosion control practice factor, LS is the slope length and steepness factor, ROKF is the coarse fragment factor.
APEX estimates the average flow velocity for the channel and floodplain separately considering average daily flow rate and the hydraulic characteristics of the channel and floodplain. Also, sediment routing is performed for the channel and floodplain separately. The sediment routing equation was based upon Bagnold's sediment transport equation (Bagnold, 1977) :
where CYU is the potential sediment concentration in t m −3 for the flow velocity VCH, CY1 is the potential sediment concentration for velocity 1.0 m s −1 , and P 18 is a parameter set at 1.5 in Bagnold's equation.
The potential change in sediment yield through a routing reach is calculated as the difference between inflow and potential concentration
where YU is the potential change in sediment yield in t ha −1 , QCH is the volume of flow through the channel in mm, CYU is the potential sediment concentration in t m −3 and CIN is the inflow sediment concentration in t m −3 .
LANDSCAPE SIMULATION
The dynamics of landscape structure were simulated with HARVEST 6.0 (Gustafson and Crow, 1999) . One scenario (SFI scenario) was established based upon the application of SFI landscape measures, namely SMZs ≥ 30 m wide along perennial and intermittent streams, a 49 ha limit in harvest unit size in pine stands, and a three-year green-up interval. SMZs are stream buffer zones locally managed to maintain a minimum basal area of 11.5 m 2 /ha as required by the best management practices in Texas (Texas Forest Service, 2000) . For comparison purposes a reference scenario (non-SFI scenario) was established in the absence of these rules.
WATERSHED DISCRETIZATION
The watershed delineation module of SWAT2000, ArcView interface (Di Luzio et al., 2002) was used in the delineation of subareas based upon 30 m resolution digital elevation model (DEM) data (United States Geological Survey). The minimum size of sub-basins chosen was 14 ha. The larger sub-basins created in spite of this constraint were manually subdivided to reduce soil and stand variability within subareas and to minimize the effect of the measurement of channel length that occurs in subareas larger than 20 ha in size. GIS coverages created in the process of delineation provide part of the data to be used in the preparation of the subareas files.
In each sub-basin additional discretization was done to account for the presence of different forest stands and for buffer zones. Each of these units constitutes a subarea for modeling purposes. Subareas smaller than 2 ha were excluded, unless they were buffer strips.
For each of the scenarios routing was schematized in a diagram based upon SWAT sub-basin coverages and stand maps derived from HARVEST (Figure 2) . Each entering subarea was quantified in terms of area (ha), channel length (km), channel slope (m/m), reach channel length (km), reach channel slope (when present) (m/m), average upland slope (m/m), and upland slope length (m). Receiving subarea, operation schedule file, and soil file were also associated to each entering subarea. Soil series distribution in the study area was obtained from a SSURGO digital map for Angelina County (Soil Survey Geographic Data Base, USDANatural Resources Conservation Service).
OPERATION SCHEDULES
Each stand was managed by particular operation schedules according to composition and age. Operation schedule files intended to describe as accurately as possible the stand development along time and the management operations followed in the stands. At the same time these files allow the synchronization of dynamics simulated in APEX with stand and landscape dynamics simulated in HARVEST.
In this study four possible management types were followed: pine-clearcutting, pine-selection, hardwood-selection, and pine-hardwood-selection (Azevedo et al., 2003) . For pine-clearcutting, plantation and harvesting year for each stand were defined according to the sequence of clearcuttings in the landscape dynamics component (HARVEST). Since the rotation time was 30 yr and the landscape dynamics model works on a two-year time step, 15 different operation schedule management plans were defined, one for each possible year of harvesting/planting. These files include planting of 950 trees/ha, thinning to 450 trees/ha at age 15, and harvesting at age 30. An offset disk operation was used to simulate perturbation due to site preparation. Harvesting occurs in April, offset disk operation in October, and planting in December of the same year.
Hardwood stands are represented by sweetgum and mixed pine-hardwood stands are represented by a mixture of pine and sweetgum. These stands were considered not managed in terms of APEX and were maintained at a constant density of 450 trees/ha during the period of simulations.
EVALUATION OF THE MODEL
In the absence of sediment and water yield data for the study area, the model could not go through a validation process as is usually performed in this kind of approach. Since the main purpose of APEX is to compare management scenarios, it was considered acceptable to use the model without such validation and eventual calibration. Parameterization of the model for forest conditions in East Texas has been done in Saleh et al. (2002) . Evaluation of the model for the study area was done in controlled subareas by submitting the model to different magnitudes and combinations of parameter values including soil series, crop type, initial density, thinning intensity, age to maturity, partition flow through filter strips, and slope, among others. Different subarea delineations were also analyzed to evaluate the role of discretization on the processes simulated including the effect of buffer strips on runoff and sediment loss. Key parameters used as indicators of the model performance include runoff, sediment yield, percolation, deposition, degradation, crop biomass, leaf area index (LAI), and evapotranspiration. Published data from Pope and Graney (1979) , Hebert and Jack (1997) , Baldwin et al. (2000) , and Gresham and Williams (2002) for biomass and LAI, and several works on sediment and runoff in forested catchments in East Texas (e.g. Yoho, 1980; Ursic, 1986; Blackburn et al., 1990) were used in the evaluation of the model.
SIMULATIONS
Three simulations for each scenario (SFI and non-SFI) were performed using different IGN (number of times random number generator cycles before simulations) to create variability of weather conditions. Results were obtained for a period of 30 yr corresponding to a cycle in the landscape dynamics of the study area. Simulations were started 30 yr before the 30 yr period of interest to allow crop growth and stabilization of the system. Weather data were generated by APEX based upon parameters for Lufkin, Texas.
Results and Discussion
Runoff, water yield, and sediment loss observed during the simulations (Table II) were generally small. These values were within the range of values observed in forested watersheds in East Texas and other areas in the South (Yoho, 1980; Blackburn et al., 1986; Ursic, 1986; Ursic, 1991b) . Runoff and sediment yield here were higher than measured values in non-disturbed pine watersheds which should be expected since harvesting and site preparation were part of the management of the simulated pine stands. These values were lower than published results for many managed stands which is also to be expected, since measurements in the literature refer to fewer years after the application of forest practices than our simulated period of 30 yr. Other reasons that might explain these differences are the lower annual mean precipitation and nearly level slopes in the study area. SFI and non-SFI management produced the same amount of surface runoff and water yield at the subarea and watershed levels (Table II) . In the SFI scenario, runoff and sediment loss were lower in the buffer strips comprising hardwoods than in the upper areas comprising pine under the clearcutting system (Table III) . Slope is the major factor explaining these differences. Two stands with continuous pine cover showed the highest average runoff and sediment. This is due to lower tree density and biomass in these stands reducing evapotranspiration and increasing runoff and sediment yield. These variables should be similar to undisturbed pine stands (Beasley and Granillo, 1988) . The non-SFI scenario mainly comprises pine stands managed by the clearcutting system. Sediment yield at the subarea level was approximately the same in both scenarios (Table II) . The non-SFI scenario showed, however, considerably more sediment yield at the watershed level than the SFI scenario. The difference in watershed sediment yield results from the routing processes, mainly channel degradation. Sediment deposition occurs as well, but it is very similar between landscape scenarios.
The weight of the sediment retained by this process in the overall area of study is discrete even in the scenario presenting buffer strips. On average, deposition was around 0.01 t/ha at the watershed level. Maximum average deposition in a route was 0.2 t/ha. In the non-SFI scenario buffers were used only in particular cases, when this type of discretization better fit the arrangement of forest stands in the watershed, which explains in part the similarities in deposition between watersheds. The main reason for the small differences in deposition observed, however, is the fact that sediment loss is usually very low due to the nearly level slopes in the area. Deposition was visible only during intense storm events when sediment yield was high. This indicates that buffers even in areas of gentle slopes might be important in reducing non-point source pollution during periods of intense precipitation, which though infrequent occurred within the 30 yr period of simulations. Buffer zones are able to retain considerable amounts of sediment produced by forest activities and are recommended measures to maintain water quality in managed forested areas (Wynn et al., 2000; Carling et al., 2001) Channel degradation was common in both scenarios. It was, however, higher in the non-SFI scenario reaching annual average values of approximately 0.3 t/ha against 0.08 t/ha in the SFI scenario. Channel degradation was responsible for the differences in watershed sediment yield between the two landscapes. Channel degradation occurred to a greater extent in the non-SFI scenario that presents fewer buffer zones and also less fragmentation than the SFI landscape. As with deposition, degradation occured mostly in periods of intense precipitation. Channel degradation is often referred to in the literature as a major cause of erosion in forested watersheds (Ursic, 1986; Ursic, 1991b; Marion and Ursic, 1993) . Studies on erosion often use small catchments to avoid channel erosion and account for forestland erosion only (Ursic, 1986) .
Within the 30 yr period of simulations, water and sediment yield were very irregular and average annual precipitation seemed not to have a very strong relation with annual yields (Figures 3 and 4) . Monthly precipitation was more closely related to yields though it could not entirely explain differences between months ( Figure 5 ). Daily precipitation had a strong influence on both annual and monthly results. Maximum precipitation values per simulation were more frequent in February and November. However, high daily precipitation values in February were usually responsible for higher runoff and erosion, which represented up to 90 and 95% of yearly runoff and sediment loss, respectively. Conversely, precipitation in November corresponded with low runoff and sediment yield. High values in February were probably due to the higher frequency of previous rain days that kept soil moisture high and caused the soil to reach saturation more quickly, increasing runoff and consequently erosion. Blackburn et al. (1986) also observed that intense storms in East Texas had a very high weight in annual water and sediment yields.
The effects of harvesting and site preparation on hydrological processes are not easily observed in the results (Figures 3-5) . The fact that stands are continuously being harvested in the watershed combined with the irregularity in the distribution of precipitation, soil moisture, plant biomass growth, and the nearly level slope, makes these effects unclear in the results. Water and sediment yields increase considerably in the second and third years following major harvestings (Figure 6 ). These periods coincide, however, with years of either high annual or very high daily precipitation values, and whether this pattern is due to rainfall or harvestings is unclear. Possibly both factors play a role in the processes. Concentration of precipitation and exposed soils after harvesting and site preparation cause runoff and erosion to increase considerably even in nearly level terrain. The role of each factor is, however, unknown.
The results of this study synthesize a series of processes and their interactions occurring simultaneously at the stand and landscape levels. The fact that the watershed comprises many stands in many growth stages, soil conditions, and positions in the watershed combined with irregular weather conditions make the results difficult to interpret. Although subarea processes can be compared with published data, the overall results cannot since there appears to be no previous work done under similar conditions.
Summary
The results obtained at the subarea level were generally within the expected values for forested watersheds in East Texas under similar conditions. Water and sediment yields were generally small in the study area and most of the runoff and erosion observed occurred during intense storm events. Although water and sediment yield at the subarea scale and water yield at the landscape scale were similar between scenarios, the non-SFI scenario had higher watershed sediment yield than the SFI scenario due to higher channel erosion. Measures implemented in the context of the SFI program seem to considerably reduce sediment loss mainly due to their effect on the reduction in channel erosion. This is particularly important during major storm events. The effect of buffer zones in terms of sediment deposition did not differ between scenarios probably because of the level slopes in the study area.
Recent developments in APEX made the model suitable for the analysis of the effects of management on forest hydrology. Further application of the model at that scale in East Texas can contribute positively to the evaluation of sustainability of forests in this and other regions. this research. We also thank two anonymous reviewers for suggestions on the manuscript.
